Optical properties in a one-dimensional periodic multilayer structure consisting of superconducting and dielectric films are rigorously studied. Due to the temperature-and wavelength-dependent refractive index in superconducting films, the design of multiple-resonance Fabry-Perot resonators can be achievable without physically introducing any defects to break the periodicity of the structure. These extraordinary optical properties, different from the regular all-dielectric Bragg reflectors, are mainly attributed to the operation in the near-zero-permittivity range of superconductors. Additionally, while the reflection bandwidth tends to enlarge with increasing angle of incidence for transverse magnetic polarization, it remains unchanged with band edges shifted for transverse electric polarization.
I. INTRODUCTION
A finite periodic multilayer structure consisting of alternating dielectric layers with two different refractive indices is known as a Bragg reflector or dielectric mirror. Such a periodic structure has some fundamental features, as described in detail by Orfanidis, 1 that have made itself widely applicable in modern photonic science and technology. First, a highly flat reflection band at optical frequencies can be achieved by designing the optical length of the constituent layer equal to quarter wavelength at or near the center of a reflection band. Second, with the increasing angle of incidence, the reflection bandwidth can be enlarged in the case of oblique incidence for transverse electric ͑TE͒ polarization, whereas being reduced for transverse magnetic ͑TM͒ polarization. Third, a one-dimensional dielectric mirror is omnidirectional, which perfectly reflects at all angles of incidence for both TE and TM polarizations. Finally, a multilayer Fabry-Perot resonator ͑FPR͒ can be realized by physically introducing a defect layer to break the structural periodicity.
Periodic structures consisting of metallic and dielectric materials have also attracted much attention in the past few years. [2] [3] [4] [5] With a highly dispersive permittivity, the refractive index of a metal is characterized by the plasma frequency of ϳ10 15 Hz for alkali metals. 6 Thus metals are known as good reflectors at microwave frequencies but become transparent at very high frequencies such as x rays. This inherent bulk dispersion can further be enhanced by appropriate design of metal-dielectric periodic structures, which will yield a variety of filter responses. 5 However, the damping of electromagnetic waves in metals tends to deteriorate the performance of the periodic structure. Such loss issue in metals can be remedied by utilization of superconductor instead. In fact, the metallic loss can be greatly reduced and negligibly small when metals are replaced with superconductors. 7 Periodic multilayer structures consisting of superconducting and dielectric materials have been reported recently. [8] [9] [10] [11] [12] It has been explored that such a periodic structure has two fundamental distinctions compared with the dielectric-dielectric and metal-dielectric ones: ͑1͒ a lowfrequency band gap exists for both TM and TE polarizations, and ͑2͒ a superpolariton band gap is found for TM polarization. 10 Both of the above mentioned band gaps lie in the optical frequency range. Furthermore, tunable features of the superconductor-dielectric periodic structure in the optical range are feasible through variations of temperature or magnetic filed. Such tunable feature has certainly drawn much attention for applications in superconducting electronics and photonics.
In this paper, we have performed thorough investigations on the optical properties through the design of a Bragg reflector consisting of superconducting and dielectric films in the visible to near infrared spectrums. For the wavelengthdependent reflectance, sharp resonance dips in the vicinity of threshold wavelength at which the refractive index of a bulk superconductor is near zero were observed only for the case of TM polarization. Such special filtering response makes it possible to adopt the structure in the design of a multipleresonance FPR without physically introducing any defect layer to break the periodicity. Furthermore, for TE polarization, the bandwidth exhibited a weak dependence on the angle of incidence, which is totally contrary to the regular reflectors made of dielectrics.
In the following sections, Sec. II describes the theoretical approaches for the calculation in detail, including the superconductor electromagnetics and the transfer matrix method in a stratified media. The calculated wavelengthdependent reflectance spectrum will be illustrated with physical interpretation in Sec. III followed by a summary in Sec. IV. Figure 1 shows the structure of an N-period, onedimensional, nonmagnetic, superconductor-dielectric, periodic multilayer, also referred to as a superconducting Bragg reflector. = n R − in I , with the imaginary part n I defined to be the extinction coefficient. The relative permittivity r1 can be obtained on the basis of the two-fluid model as
II. BASIC EQUATIONS
where th 2 =1/ ͑ 0 0 L 2 ͒ is the threshold frequency of the bulk superconductor, which plays a similar role as the plasma frequency in metal, and L is the temperature-dependent penetration depth given by
.
͑2͒
In the above equation, 0 is the penetration depth at T = 0 K and T c is the critical temperature of the superconductor. A combination of Eqs. ͑1͒ and ͑2͒ clearly shows both frequency ͑wavelength͒ and temperature dependence of the permittivity of a superconductor. Since we have limited our discussions here to the lossless case, Eq. ͑1͒ does not contain the imaginary part. The behaviors of a lossless superconductor are well described in Ref. 10 .
For an electromagnetic wave with the temporal part exp͑it͒ in free space impinges obliquely on the plane boundary z = 0 with an angle of incidence i as shown in Fig.  1 , the reflectance R = ͉r͉ 2 can be obtained by using the transfer matrix method 14 and the reflection coefficient r is expressed as
where M 11 and M 21 are the matrix elements of the total transfer matrix M given by
and M cell is the transfer matrix of a single period
The propagation matrix P in Eq. ͑4͒ of the individual layer is
where
Also the dynamical matrix in each layer is defined by
and ᐉ is the ray angle of the ᐉth layer, where ᐉ =0, 1, 2, and 3. For ᐉ =0, i = 0 indicates the incident angle. With Eqs. ͑6͒ and ͑8͒, the expressions for both polarizations of a single-period matrix in Eq. ͑5͒ can be obtained as The single-period matrix incorporating the refractive indices and the thicknesses as well as the ray angles of the two constituent layers plays a dominant role in the calculation of the reflectance spectrum for a Bragg reflector.
III. NUMERICAL RESULTS AND DISCUSSION
For numerical simulation, referring to Fig. 1 , conventional superconductor niobium ͑Nb͒ with T c = 9.2 K and 0 = 83.4 nm ͑Ref. 15͒ is taken as layer 1 whereas SiO 2 with r2 = 9.7 and the glass with r3 = 2.25 are taken as layers 2 and 3, respectively. The thicknesses of the corresponding layers are set to be d 1 = 60 nm, d 2 = 90 nm, and d 3 =1 mm with a number of periods N = 10, and operating temperature T = 4.2 K are adopted for simulation.
The refractive index ͑n R ͒ together with the extinction coefficient ͑n I ͒ of the bulk Nb at 4.2 K are plotted as a function of the wavelength in Fig. 2͑a͒ . It is clearly observed that both n R and n I are very close to zero at the threshold wavelength th =2c / th = 536 nm. Such material with zero or extremely low index of refraction retains some special features of interests. For a single homogeneous dielectric layer of finite thickness with zero index of refraction, the transmission coefficient for any oblique incidence will approach zero, whereas the transmission is not zero for normal incidence. The zero-transmission implies a unit reflectance, as clearly illustrated in Fig. 2͑b͒ , where we plot the reflectance around the threshold wavelength ͑ th = 536 nm͒ for a single slab of Nb of 60 nm for the case of TM polarization. In addition, the peak at th is broadened with increasing angle of incidence. However, we do not observe similar trends for the case of TE polarization. On the contrary, according to Airy's formula of transmission coefficient for normal incidence case, 16 the transmission coefficient can be significantly large when the layer thickness is much less than the wavelength of the incident wave. In this case, such layer effectively behaves like a free-space slab such that the electromagnetic wave can propagate in the slab without any reflection. Figure 3 shows the TM-polarized wavelength-dependent reflectance of a superconducting Bragg reflector in Fig. 1 at different angles of incidence of 0°͑a͒, 15°͑b͒, 30°͑c͒, 45°͑ d͒, and 60°͑e͒, respectively. At normal incidence i =0°͓ Fig. 3͑a͔͒ , the structure works as a regular Bragg reflector with a wider bandwidth ranging from 600 to 900 nm, that is, from optical to near infrared regions. Another two narrow reflection bands at shorter wavelength are not at optical frequencies. In the case of oblique incidence, i 0°, sharp dips near th are observed at i = 15°, 30°, and 45°, which are then smeared out at a larger angle of incidence, say, i = 60°. A close look at the dips in the reflectance is depicted in Fig. 4 , in which the locations of the resonant dips are observed to be strongly sensitive to the angle of incidence. The dips appear at wavelengths at which the indices of refraction of superconductor are much smaller than 1. In contrary to the behavior observed in Fig. 2͑b͒ , where a peak ͑not a dip͒ in reflectance exists at the zero-index wavelength for a single superconducting layer, a dip exists when a periodic multilayer structure is formed. The appearance of dips in the reflectance can be attributed to the combined effect of the extremely small refractive index and of the structural periodicity. The existence of the dip indicates a zero reflectance and hence yields a unit transmittance, which leads to a very narrow-passband filtering feature. In this case, the whole layered structure is perfectly impedance-matched to the free space such that electromagnetic wave is permitted to propagate through the system. Moreover, such dips can be equivalently regarded as the allowed localized states generated in the band gap ͑or the reflection band͒. Thus, the localized narrow band arising from the extremely low refractive index behaves effectively like a normal defect band in the regular dielectric mirror. With this peculiar facture, it is possible to design a superconducting multilayer FPR without introducing any physical defect in the structure. It is obviously contrary to regular dielectric-dielectric FPR, in which a defect layer should be physically inserted in a dielectric mirror in order to achieve a multilayer FPR. The use of a dielectric with zero-refractive index as one of the constituent bilayers of the dielectric Bragg reflector has also demonstrated the possible resonant transmission. 16 Moreover, the bandwidth is highly enlarged at i = 60°compared to i = 0°. This feature is again not observed in regular dielectric mirrors, in which the bandwidth will be reduced with increasing angle of incident for TM polarization. Figure 5 shows the TE-polarized wavelength-dependent reflectance at different angles of incidence of 15°͑a͒, 45°͑ b͒, and 60°͑c͒, respectively. Compared with TM polarization, no resonant dips are observed near the threshold wavelength. This distinction can be analytically understood by taking a look at the single-period matrix in Eqs. ͑10͒ and ͑11͒. In the limit of n 1 → 0, the matrix elements for both polarizations can be approximated as follows: The investigations of Eqs. ͑12͒ and ͑13͒ reveal that only the thickness d 1 but not the refractive index n 1 of the superconducting layer enters the matrix elements for the case of TE polarization. However, the refractive index n 1 is directly involved through the ray angle 1 according to Snell's law of refraction for the case of TM polarization. Therefore, the resonant dips resulted from the zero-refractive index, n 1 → 0, can be expected for the case of TM polarization, as is obviously observed in Fig. 3 . Another physical understanding on the resonant dips for the case of TM polarization can be ascribed to the interaction of the normal component of the No dips can be seen in the oblique incidence, the same as in the normal incidence shown in Fig. 3͑a͒ .
electric field and the superelectrons in superconductor. This strong coupling produces a superpolaritonlike narrow band such that the wave can propagate through the system. 9 For TE polarization, however, the resonant dips do not exist since there is no normal component in the electric field. Moreover, the bandwidth shown in Fig. 5 remains unchanged with just appreciably shifting to shorter wavelength when the angle of incidence increases. Such phenomenon is not observed in a regular dielectric mirror, in which the reflection bandwidth increases with the increase in the angle of incidence for TE polarization.
IV. SUMMARY
We have investigated the optical properties of a superconducting periodic multilayer. With the fact that a superconducting material has a strongly dispersive refractive index, some extraordinary phenomena have been explored in a superconducting Bragg reflector. For TM polarization, the existence of resonant reflection dips is mainly attributed to the combined effect of extremely low or zero-refractive index and of structural periodicity. These dips effectively behave like the localized passbands, which provide a feasible way of designing a multiresonance multilayer FPR without physically inserting any defect layer to break the periodicity of the structure. Such FPR in turn serves as a good frequencyselective filter. In addition, the reflection bandwidth can be enlarged as the angle of incidence increases. For TE polarization, no resonant dips in the wavelength-dependent reflectance are observed. Furthermore, the reflection bandwidth is found to be a very weak function of the angle of incidence, with only a shift in the band edges. All of these optical reflection properties in a superconductor-dielectric periodic multilayer are fundamentally different from those of the regular dielectric mirrors. 
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